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We examined the 2D surface formed by 3D eye positions of normal subjects to determine whether 
the shape and thickness changed in tasks that differed in saccadic directions; random, horizontal, 
vertical, radial, clockwise and counter-clockwise. Eye positions during the random task did not lie 
precisely on Listing's plane but on a surface with a small twist. This twist was present before, 
during, and after saccades. The degree of twist changed with the task; becoming less twisted for 
horizontal tasks and more twisted in the vertical tasks. The surface thickness changed with the task 
becoming thicker for multidirectional tasks. This greater thickness may occur because surfaces 
obtained in multidirectional tasks are the composite of surfaces with slightly different shapes. 
© 1997 Elsevier Science Ltd. 
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INTRODUCTION 
The eye can rotate horizontally, vertically and also 
torsionally, clockwise (CW) or counter-clockwise 
(CCW) about a forward pointing axis fixed in the head. 
A saccade rotates the eye so that the fovea points towards 
an object of interest. Since the fovea can point to an 
object while the eye rotates about the line of sight, 
saccades can, in theory, use a variety of rotations to 
achieve this goal. 
Listing's law describes which of these rotations is 
selected. The law states that, in rotating from a central 
eye position to any eccentric position, the axes used are 
all confined to a common plane; Listing's plane. When a 
variety of eye positions within the oculomotor range are 
plotted as three-dimensional vectors whose length and 
direction describe how far current eye position is from the 
center, their distribution is confined to the torsional 
direction (Tweed et al., 1990; Straumann et al., 1991). 
Thus, they lie near a surface which appears to be flat (i.e., 
a plane). However, there have been suggestions that 
Listing's law is only approximately obeyed (Ferman et 
al., 1987a,b) in part because the surface was not flat but 
slightly twisted (Glenn & Vilis, 1992). The first goal of 
this study was to determine whether the saccadic system 
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in normal human subjects violated Listing's law 
randomly or in some consistent manner. Because several 
studies have observed violations of Listing's law that are 
most prominent during a saccade, the so called "blip" 
(Schnabolk & Raphan, 1994; Tweed et al., 1994; 
Straumann et al., 1995), we also quantified the surface 
shape before, during, and after saccades. 
What is the advantage of confining eye positions to a 
plane? Listing's law optimizes radial saccades by 
minimizing the amplitude of rotations to and from the 
central primary position. By doing this it also minimizes 
the eccentricity, in 3D, of all eye positions with respect to 
the central primary position. However, Listing's law does 
not optimize rotations that do not go through primary 
position. Thus, the amplitudes of eccentric horizontal or 
vertical saccades are larger than they need be. 
If during eccentric saccades one were to optimize some 
aspect of the saccade, such as eye positions, during and at 
the end of these saccades, they would no longer be 
confined to Listing's plane. This would result in eye 
positions (i) being less well confined to a surface (i.e., the 
surface becoming thicker); or (ii) being less well confined 
to a surface of a different shape (i.e., a curved surface). 
A Fick gimbal is an example of a system that optimizes 
the amplitude of vertical rotations. In a Fick gimbal a 
horizontal axis is embedded within a fixed vertical axis as 
in common TV camera mounts. With these two axes the 
eye could point the fovea at any object. However, its 3D 
position would no longer be confined to a plane but to a 
surface with a twist (Glenn & Vilis, 1992). If one wished 
to minimize the amplitude of horizontal rotations, 
however, one could select a Helmholtz gimbal. Here 
the vertical axis is embedded within a horizontal axis, 
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like a Fick gimbal turned on its side. If the eye were to 
adopt this strategy, one would expect its position to be 
confined to a surface with a twist similar to that of a Fick 
gimbal but opposite in sign. 
The second goal of this study was to determine if such 
changes in the shape of the surface are observed when 
saccades differ in direction. To achieve this we devised 
tasks in which saccades were primarily horizontal, 
vertical, radial, circular or random. For each task, we 
quantified the shape of the best fitted surface and 
computed the variability (thickness) of eye positions 
about he fitted surface. 
Different studies have produced ifferent measures for 
the thickness of the surface. Tweed & Vilis (1990) found 
the torsional standard deviation to be approximately 
1.5 deg during randomly directed saccades. Minken et al. 
(1993) reported thickness values of 0.87 deg (during) and 
0.89 deg (after) in a task in which saccades were radial 
from a central position. Straumann et al. (1995) also 
found somewhat thinner surfaces (0.86 deg) in a task that 
involved primarily horizontal saccades. Thus, a third goal 
of this study was to determine if there were any 
systematic, task-specific differences in the thickness of 
these surfaces. 
Finally, previous studies have shown that the head's 
3D position is, like the eye's, also confined to a surface 
but unlike the eye's this surface has a large twist 
(Straumann et al., 1991; Glenn & Vilis, 1992; Radau et 
al., 1994). There is also some evidence that this surface 
changes with task. For example, when the head points 
repeatedly between two targets its position is different 
than when it is directed randomly between targets 
(Tweed & Vilis, 1992). Thus, the fourth and final goal 
of this study was to confirm whether the head's urface 
also displayed task-dependent changes in shape. 
METHODS 
Scleral coil technique 
Experiments were performed on adult humans who had 
no known pre-existing visual defects or oculomotor 
pathologies. Twelve subjects participated in the eye-only 
gaze shifts (a Skalar search coil pair was placed on the 
limbus of the right eye, where it adhered by suction), and 
12 subjects participated in head gaze shifts (a Skalar 
search coil pair was encased in a hard plastic and attached 
to the head). Informed consent was obtained after 
explanation of the experimental procedure. 
Three-dimensional orientations of the right eye and 
head were measured employing the magnetic field-scleral 
search coil technique (Robinson, 1963) with modifica- 
tions as described in Tweed et al. (1990). Three 
perpendicular alternating magnetic fields (frequencies 
of: 62.5, 100, 125 kHz) were generated by field coils 
wrapped around each face of a 1-m cube, producing a
uniform field within the center of the cube. During the 
head gaze shift tasks, the coil attached to the head 
underwent some translation. This varied from subject o 
subject with a maximum translation of __+10-mm 
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FIGURE 1. Targets (red, 8-mm diameter) were attached to an off- 
white brick wall at a distance of 2-meters from the subject. (A) Arrows 
represent the gaze shifts made to the targets during one full pass of our 
Horizontal-Right task. The Horizontal-Left (HI), Vertical-Up (Vu), 
Vertical-Down (Vd) and Random gaze shifts were made to these same 
targets. Eye positions were sampled only from the ___ 15 ° region (dotted 
square) to ensure that all the preceding and subsequent gaze shifts were 
in the same direction (e.g. horizontal to the right). (B) The Radial task 
included gaze shifts to all 8 targets of the -I- 15 ° targets and then to the 
targets at -t-30 ° eccentricity 25 ° at the corners). (C) The CW and CCW 
gaze shifts were made around the square formed by the ___ 15 ° targets. 
All gaze shifts began from the central target. 
forward/backward, + 20-mm up/down and -t-40-mm 
left/right. This produced a translation-related change in 
the coil signal which did not exceed 1.2 deg. The three 
coil signals were demodulated and then digitized by a 
computer at a sampling frequency of 100 Hz. Eye and 
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head positions were computed off-line employing algo- 
rithms similar to those described in Tweed et al. (1990). 
Eye and head position was measured at specific 50- 
msec time periods before, during, and after a gaze shift, 
rather than averaging over all data as in our previous 
studies (Tweed et al., 1990). Data were averaged for a 50- 
msec time period at three different times for each eye or 
head gaze shift. The "before" time included data from 
100 to 50 msec before the velocity exceeded 25 deg/sec 
for the eye and 10 deg/sec for the head. The "during" 
time included ata centered around the peak velocity of 
each movement. The "after" time included ata after the 
velocity for each gaze shift was less than 25 deg/sec for 
the eye and less than 10 deg/sec for the head. Gaze shifts 
were made at the rate of once every 2 sec cued to the beat 
of a metronome. 
Gaze shift tasks 
Subjects were seated in a chair with the head 
approximately centered within the cube about 2 m away 
from the central target. Before beginning the experiment 
each subject was familiarized with the targets which were 
8-mm diameter red dots arranged on a brick wall, as 
shown in Fig. 1. Each subject practiced gaze shifts to the 
targets until they had learned the instructions for all nine 
gaze shift tasks. The nine tasks were: random, horizontal- 
fight (Hr), horizontal-left (HI), vertical-up (Vu), vertical- 
down (Vd), radial, clockwise (CW), counter-clockwise 
(CCW) and a combination of both CW and CCW. Figure 
I(A) depicts the Hr task; H1, Vu and Vd were defined 
analogously. The random, horizontal and vertical gaze 
shifts were made to the all targets within a +30 deg 
range. The radial task [Fig. I(B)] included gaze shifts to 
all eight targets at +_ 15 deg eccentricity and then targets 
at __+ 30 deg eccentricity (25 deg at the corners) along the 
same radial path from center. The CW and CCW gaze 
shifts were made around the targets forming a square of 
+ 15 deg eccentricity [Fig. I(C)]. In the random and 
radial tasks, subjects were directed to targets using verbal 
commands from the experimenter who read targets off a 
randomized list (up, down, left, right, etc.) in unison with 
the metronome b ep. Each task was completed in 100 sec 
except he radial task, which took twice as long because 
we wanted each of the eight targets to be fixated at least 
three times. 
In each task, eye position data were sampled only from 
the central _+ 15 deg region to ensure that the distribution 
of horizontal and vertical positions was similar (Fig. 1). 
In contrast, all head position data were included in the 
analysis, because head movements were more variable 
and therefore a +_ 15 deg inclusion window would have 
excluded data idiosyncratically. Before each task the 
subject was told which task they were going to perform 
(e.g., vertical-up) and to which target position they 
should first direct their gaze after their initial central 
fixation. The order of the tasks was randomized between 
subjects. Subjects typically fixated each target in the 
central ± 15 deg grid at least three times during each 
task. The whole experiment lasted approximately 30rain. 
Eye-only gaze shifts 
Before the data collection, subjects were asked to find a 
head position where it was equally easy to view the top 
and bottom rows of targets. This was done to bring the 
eye's primary position close to center (Mikhael et al., 
1995). In that position, the head was immobilized using a 
chin/head rest, the Skalar search coil was placed on the 
eye, and the subject made saccadic eye movements from 
target o target as described in the gaze shift section. 
Before each task, the 3D eye position while fixating the 
central target was compared to that prior to the previous 
task. This was done during the experiment and again after 
the experiment. If a difference of greater than 1 deg was 
noted the experiment was excluded from our analysis 
because of potential contamination by coil slip. Two 
experiments were excluded using this criterion. Admit- 
tedly very small coil slips would not be excluded by this 
criterion. We attempted to minimize the effect of these 
potentially small slips by (1) examining a large number of 
subjects (12); and (2) randomizing the order of the tasks 
from subject to subject so as to cancel any residual effect 
from one task to the next, be it coil slip or some 
physiological effect. 
For head gaze shifts 
This was similar to the eye-only gaze shifts paradigm 
except that he subjects were instructed to point their nose 
toward the targets. 
Representation of eye and head positions using quater- 
nions 
Quaternions vectors were used to represent three- 
dimensional eye and head positions. Quaternions repre- 
sent each eye/head position as a fixed-axis rotation from a 
reference position. The reference position was recorded 
while the subject fixated at the center target just before 
starting each task. The quaternion vector q represents he 
axis of rotation from reference position to current 
position and has a length proportional to the magnitude 
of the rotation. Thus: 
q = sin(c~/2)n (1) 
where the angle c~ is the angle of rotation between the 
reference position and the current position and term n is a 
three-dimensional unit vector parallel to the axis of 
rotation with its direction determined by the right hand 
rule (Tweed & Vilis, 1987). If you curl your fingers 
around so that they represent the direction of the rotation, 
your extended right thumb will point along the axis of 
rotation (i.e., along n). In the figures we plot each eye 
position as the components of q, denoted as q~ 
(torsional), q2 (vertical) and q3 (horizontal). Positive 
values of each component of a q denote clockwise (ql) 
with respect o the subject, down (q2), and left (q3)- In 
Fig. 2(A,B) and the arrow shown represents he same 
vector q for one eye position from two views. This vector 
q, using the right hand rule, represents a leftward-up 
rotation with a slight clockwise component. Each dot in 
Fig. 2(A,B) and represents he end point of other vectors. 
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FIGURE 2. Eye positions before saccades in the Random task as viewed from behind A and the right side B. Each dot indicates 
the tip of the quatemion vector q (arrow in A and B). (C) A second-order surface fitted to the data shown in A and B as viewed 
from the right side. The heavier black line indicated the leading and top edges. Schematic heads indicate the point of view. UL 
represents he up-left comer of the surface fit, UR up-right, DL down-left and DR down-right. Subject NK. 
Quaternions were used because they allowed a direct 
visualization of Listing's plane. If Listing's law was 
obeyed, all the axes of rotations from a reference position 
would fall on a common plane. 
Surface fitting 
In order to describe the torsional (ql) component of eye 
or head positions as a function of the vertical (q2) and 
horizontal (q3) positions, the vectors q for each task were 
fitted to a second-order surface by the equation: 
ql = al + a2q2 + aaq3 + a4q~ + asq2q3 + a6q~ (2) 
The coefficients of this equation were selected to 
minimize the scatter of the data in the torsional direction. 
An example of a second-order surface, fitted to eye 
position data, is shown in Fig. 2(C). We focused on three 
aspects of this fitted surface. Firstly, the thickness of the 
surface was described by the standard eviations of the 
data about the fitted surface in the torsional direction. 
Secondly, a quantitative measure of the degree and 
direction of twist was given by the a5 coefficient and was 
called the "twist" score. Thirdly, the shift of the fitted 
surface along the torsional axis was given by the al term. 
RESULTS 
How precisely was Listing 's law obeyed? 
If Listing's law was obeyed perfectly, eye positions 
would lie on a plane. Eye positions before saccades for 
the Random task are shown in Figs 2(A,B). From the 
right side view, it was not apparent whether eye positions 
lie on a plane or a surface that was slightly curved. This 
was tested by fitting the eye positions to a second-order 
surface [Eq. (2)]. The surface shown in Fig. 2(C) had a 
small positive twist score of a5 = 0.39 [from Eq. (2)]. 
The leading edge of the slightly twisted surface was 
indicated with a heavier line and the far edge with a thin 
line. A positive surface twist score occurs when the 
upper-fight (UR) and down-left (DL) comers of the eye 
position data (plotted "q"s) have a clockwise orientation 
and the other two comers of the surface have a counter- 
clockwise orientation. Comparing both leading and far 
edges demonstrates the presence of a twist in this surface 
top of the leading edge is more counter-clockwise than 
that of the far edge and the bottom of the leading edge is 
more clockwise than that of the far edge. 
The twist score averaged across all 12 subjects was 
a5 = 0.24 ___ 0.11 (standard eviation across subjects) for 
the time before saccades. To achieve a perfect Listing's 
plane the twist score [as in Eq. (2)] must be zero. The 
twist scores obtained here were consistently positive 
across ubjects and the average twist score (a5) across the 
subjects was significantly different from zero (t-test, 
P < 0.0001, 2-tailed). The other second-order coeffi- 
cients, a4 and a6, were not significantly different from 
zero (t-tests, P > 0.17, 2-tailed). Since the quaternion 
vectors lay in a slightly twisted surface rather than a fiat 
plane, Listing's law was not strictly obeyed. 
Thickness of the fitted surfaces 
Next we quantified the variability of the torsional (ql) 
component of eye position about this slightly twisted 
surface and determined whether this variability changed 
with task. The torsional variability, or thickness, was 
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FIGURE 3. The average thicknesses of the second-order surface fitted 
to eye position data before saccades for the Random and Horizontal- 
Right (Hr) gaze shift tasks across all 12 subjects. Bars on the right 
indicate the means and standard error of the mean across the 12 
subjects. * signifies that he Random task was significantly thicker than 
the Hr task. 
measured by by computing the standard eviation of the 
data about he fitted second-order surface. Figure 3 shows 
that in the random task this residual variability, or 
thickness, ranged from 0.3 to 1.0deg across the 12 
subjects with a mean of 0.68 -t- 0.21 deg (SD across 
subjects); values that were slightly smaller than in 
previous tudies (Tweed & Vilis, 1990). 
Subsequently we determined whether the surface in 
this random task was equally thick at the center and at 
each of the eight eccentric fixation positions. As before, 
we fitted a second-order surface to the eye position before 
each saccade. We then compared the variation in the 
eye's torsional positions about his fitted surface for each 
of the nine fixation positions [Fig. 4(A)]. The thicknesses, 
averaged across the nine target positions, all lay very 
close to the mean of 0.68-t-0.21 deg (SD across 
subjects) and were approximately equal. A one-way 
analysis of variance (ANOVA) showed no statistical 
difference in the thickness at the nine fixation positions 
(F-test, P > 0.12). 
The thickness of the surface increased uring saccades 
(0.90-t-0.21 deg; SD across subjects), and remained 
somewhat thicker after the saccade [average immediately 
after = 0.84 -t- 0.23 deg; average 100 msec after = 0.82 
___ 0.23deg, see Fig. 4(A)]. These measures were 
obtained by computing the torsional eye position, during 
or after saccades, with respect to the surface fitted to eye 
positions before a saccade. The increase in thickness 
occurred over the entire surface [Fig. 4(A)]. Although the 
graph appears to show a peak for the right fixation 
position, the thicknesses, atthe nine fixation points were 
not significantly different from each other (ANOVA, F- 
test, all P > 0.15). 
Figure 4(B) shows the time course of this change in 
thickness. Open bars in Fig. 4(B) show that the thickness 
peaks during saccades and then gradually decreases over 
the next 800 msec, returning to approximately the same 
thickness as before the saccade started. This behavior was 
not unexpected, since the surface was fitted to the eye 
positions before each saccade the thickness at different 
times after the saccade was measured with respect to the 
surface fitted to eye positions before a saccade. Thus, the 
figure shows that eye positions leave this surface during 
saccades and as time progressed return gradually to this 
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FIGURE 4. (A) The variation of the eye's torsional position about he 
second-order surface for each of the nine fixation positions; Left (L), 
Down-left (DL), Down (D), Down-right (DR), Right (R), Up-right 
(UR), Up (U), Up-left (UL) and Center (C). A second-order surface 
was fitted to the eye positions before saccades. Open circles represent 
the thickness before saccades, open squares represent the thickness 
during saccades and the open triangles represent the thickness after 
saccades. Error bars represent the standard error of the mean. (B) The 
thickness of the fitted surface as a function of time; before (BED, 
during (DUO, immediately after (Aft-0), after 100-ms (Aft-l), after 
200-ms (Aft-2), after 400-ms (Aft-4) and after 800-ms (Aft-8). The 
open bars represent the mean torsional variation of the data shown in A. 
The cross hatched bars represent the thickness of the surface refitted at 
each time indicated. The solid bars represent the twist scores for these 
refitted surfaces. Error bars represent the standard error of the mean. 
same surface, as they must, since the data points at the 
end of one saccade become the data points before the next 
saccade. 
One could also recompute a new surface at each of the 
times during and after a saccade and measure the 
variability of eye position about each of these fitted 
surfaces. When this was done [cross-hatched bars in Fig. 
4(B)] the changes were the same, the thickness increasing 
during saccades and declining after, but now the increase 
was smaller; 28% compared to 40%. The changes in 
thickness were accompanied by changes in shape. Twist 
score declined during saccades and rose after saccades 
[dark bars in Fig. 4(B)]. 
Thickness as a function of task 
The fitted surface for the Random task was thicker than 
that of the comparable horizontal and vertical tasks. For 
example, in 10 of the 12 subjects, the surface before 
saccades was thinner for the horizontal-right (Hr) task 
than for the random task (Fig. 3). The mean surface 
thickness for the Hr task was 0.46 _ 0.18 deg (SD across 
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FIGURE 6. (A) The twist scores (as) of the second-order surface fitted 
to eye positions for the six task directions; Random, Horizontal Right 
(Hr), Horizontal left (H1), Vertical Up (Vn), Vertical Down (Vd), and 
Radial. Bars represent twist score means for the eye positions before, 
during, and after saccades and error bars represent s andard error of the 
mean averaged across 12 subjects. (B) Same as A for head positions. 
subjects), whereas the mean for the Random task was 
0.68 _+ 0.21 deg (SD across ubjects), and this difference 
was significant by paired t-test (P < 0.01, 2-tailed). The 
Hr surfaces were not only significantly thinner than the 
comparable random surface for eye positions before 
saccades but also for positions during and after saccades 
(t-tests, P < 0.001, 2-tailed). 
Similarly, the surfaces for the H1 task were signifi- 
cantly thinner than those of the random during the three 
sampled times across the saccade (t-tests, P<0.05, 2- 
tailed) as were the surfaces of the Vu task (t-tests, 
P < 0.025, 2-tailed). Only one of the Vd surfaces was 
significantly thinner than that of the random task, that 
being for the eye positions ampled after the saccade (t- 
test, P < 0.05, 2-tailed). The thickness of surfaces for the 
radial task were comparable to those of the random task 
(t-tests, P > 0.05, 2-tailed). 
The thickness of the surface was perhaps greater during 
and after a saccade than before. The average surface 
thickness across the six tasks was: before 0.55 deg (0.08), 
during 0.60 deg (0.12), and after 0.61 deg (0.14; SD 
across tasks). However, an ANOVA found no statistically 
significant differences across the three sampled times (F- 
test, P > 0.05). 
Findings for head positions were similar to those for 
the eye. The random task's surface was thicker than the 
horizontal and vertical surfaces [shown in Fig. 5(B)], 
while the radial and random surfaces were of equal 
thickness. Averaging across the six tasks, we found a 
small increase (7.3%) in thickness during and immedi- 
ately after (8.1%) head movements but the increase did 
not reach significance. An ANOVA found no statistically 
significant differences across the three sampled times 
(ANOVA, F test, P > 0.05). On average, the head 
position surfaces in the random task were 59% thicker 
than the corresponding eye position surfaces. 
Surface twist as a function of task 
In a previous section we showed that eye positions 
during the Random task did not lie on a flat surface but 
rather on one with a small twist. To determine if this twist 
changed with the task we computed the surface shapes for 
each task. Figure 6(A) shows the twist scores averaged 
across subjects, for the times before, during, and after 
saccades. The data show that the surfaces were the most 
positively twisted during the Vu and Vd tasks. Twist 
scores were significantly higher for the Vu and Vd tasks 
than for Hr or H1 in all possible paired t-test comparisons 
across the three sampled times (t-tests, P < 0.05, 2- 
tailed). In addition, the Vu and Vd surfaces were 
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FIGURE 7. (A) Right side view of the eye positions during saccades in 
the CW and the CCW tasks. (B) The Both CW and CCW task. Subject 
RK. 
significantly more twisted than the radial surface (t-tests, 
P < 0.025, 2-tailed). Random surfaces were significantly 
less twisted than Vd surfaces (t-tests, P < 0.05, 2-tailed) 
but more twisted than Hr surfaces (t-tests, P < 0.05, 2- 
tailed). 
When comparing the bottom of Fig. 6 to the top, it was 
apparent that the twist scores for the head gaze shifts 
were in the opposite direction to that of the eye gaze 
shifts, as previously noted in Glenn & Vilis (1992). In 
addition, the surfaces for the vertical tasks were more 
twisted than either the horizontal and random tasks but 
now in the negative direction. The twist scores for the Vu 
and Vd tasks were significantly more negative than either 
the Hr, H1 or Random tasks (t-tests, P < 0.01, except for 
the paired t-test between Vu and H1 before the saccade, 
P= 0.12, 2-tailed). The radial task produced the most 
negatively twisted surface for the head movement 
experiments. 
Clockwise~counter-clockwise tasks: shifts and thickness 
of these surfaces 
Lastly, we consider the changes that occurred uring 
the clockwise (CW) and counter-clockwise (CCW) tasks. 
Recall, a shift of the surface describes a displacement of
the fitted surface in either the clockwise or counter- 
clockwise direction along the ql axis. Figure 7(A) shows 
eye positions during the CW and CCW tasks during 
saccades for one subject. There was a noticeable 
difference in the shift along the ql axis for the two tasks. 
When comparing the eye position data for either the CW 
or CCW tasks in Fig. 7(A) to the "both CW and CCW" 
task in Fig. 7(B) it was apparent that the "both CW and 
CCW" tasks' eye positions had a larger spread along the 
ql axis (i.e., an increase in thickness). A more 
quantitative analysis of these changes in shift and 
thickness was done next. 
The al term of the surface fitting equation [Eq. (2)] 
determines the shift of the surface. Taking the average a~ 
across the 12 subjects howed that the surface was shifted 
torsionally in the counter-clockwise direction for the CW 
task and in the opposite direction in the CCW task [Fig. 
8(A)]. The shift of surfaces for the CCW task was 
significantly more clockwise than for the CW task for the 
three sampled times (t-tests, P < 0.025, 2-tailed). The 
shifts of the random and "both CW and CCW" tasks' 
surfaces were equal to each other and located between 
those of the CW and CCW tasks. The change in shift 
between the CW and CCW tasks was 0.68, 1.09 and 
1.21 deg for eye positions before, during, and after 
saccades, respectively. In six subjects we examined these 
shifts under the same conditions except hat the timing of 
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the saccades was self-paced at about 1 saccade/sec, as
compared to the 2-sec pacing set by the metronome. The 
magnitude of the shifts observed were very similar to 
those observed at the slower pace. 
The head position data in Fig. 8(B) showed a similar 
change in the shift but in the opposite direction to that of 
the eye. A paired t-test comparison of the averages 
showed that the CCW surfaces were shifted more 
negatively along q] than the CW surface (P < 0.025, 2- 
tailed). 
Next we determined the time course of these shifts of 
the eye position surface. This was done by averaging the 
torsional component of each eye position each time the 
eye saccaded once around the sides of the _ 15 deg 
square. This torsional position was plotted in Fig. 9(A) as 
a function of the number of times around the sides of the 
square. It shows that he surface shifted quickly as the eye 
made its first pass around the square and then settled to a 
steady state. In addition, if one switched irections on 
every second pass around the square, the surface shifted 
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quickly on the first pass with little further shift on the 
second pass [Fig. 9(B)]. This steady state was reached 
sooner, in absolute time, when the pacing of saccades was 
more rapid (self-paced). This steady state also confirms 
that it was not a coil slip that was producing these shifts. 
It was highly unlikely that coil slip would be confined to 
saccades only the first time around the square. Nor is it 
likely that the torsional change in eye position is due to a 
visco elastic deformation of the conjunctiva s it rubs 
against he lids. Were this so one would expect o see a 
change in torsion only during the saccade, not after and 
not before the next saccade (intersaccadic nterval was 
2 sec in the paced task and about 800 msec in the self- 
paced task). 
When comparing the thickness of these surfaces, the 
surfaces during the CW and CCW tasks were thinner than 
those during the random task for eye and most head 
position data [Fig. 10(A, B)]. For the eye, the surfaces 
during the CW and CCW tasks were significantly thinner 
than random task (t-tests, P < 0.05, 2-tailed). In addition, 
the CW and CCW tasks were significantly thinner than 
the "both CW and CCW" task for the times during and 
after saccades (t-tests, P < 0.05, 2- tailed). The surface 
for the "both CW and CCW" task was approximately 
equal in thickness to that of the random task [Fig. 10(A)]. 
The head position data showed this same general pattern 
of increased thickness for the random task compared with 
the CW and CCW tasks. In the CW and CCW task, as in 
the horizontal and vertical tasks, the thickness of the 
surface for the head position was approximately 35-40% 
thicker than that of the eye. 
DISCUSSION 
Listing's law and Donders' law 
Previous tudies by Straumann et al. (1991); Tweed & 
Vilis (1990) and Tweed et al. (1990) suggested that eye 
positions, expressed as quaternions, are confined to 
planes. On the other hand, Glenn & Vilis (1992) 
suggested that Listing's law was violated slightly because 
the eye position data yielded a positive surface twist score 
of a5 = 0.18 _ 0.11 (SD across six subjects) for random 
gaze shifts with the head still. Our analyses for the 
random task confirmed such a twist producing a mean 
twist score of a5 = 0.24 _ 0.11 (SD across 12 subjects). 
This also confirms the observation of Ferman et al. 
(1987a) who observed systematic deviations from 
Listing's law. They found that the deviations could be 
made more symmetric for nasal and temporal gaze 
directions if primary position was shifted temporally. 
This is in agreement with the observation by Mikhael et 
al. (1995) that primary position may be deviated slightly 
temporally in some subjects and nasally in others. 
Similarly, here the a2 coefficient showed some variation, 
mean 0.05 _ 0.06 SD. 
However, Ferman also found that their observed 
deviations could not be eliminated by simply turning 
Listing' s plane. If one examines the sign of these residual 
deviations, one finds that they are consistent with a small 
position twist score. For example, Fig. 2 shows that actual 
position of the right eye is more clockwise when looking 
down to the left than up to the left. This is equivalent to 
Ferman and colleagues' observation of too much 
extorsion when looking nasally down and too much 
intorsion when looking nasally and up. 
Does this twist represent a large violation of Listing's 
law? If Listing's law held perfectly, the torsional 
component, ql, would always be zero, independent of 
the direction of gaze. In the case of a twist of a5 = 0.24, 
ql = 0.24q2q3 [from Eq. (2)]. When looking at an 
eccentric position, for example 30 deg down and left, 
this leads to a ql of 0.016 or 1.8 deg CW (and 1.8 deg 
CCW when looking up and left). Thus, the eye' s torsional 
position does not remain at zero, but is not far from it. 
The measured thickness, quantified by the SD of the 
data about he fitted surface, indicates how well Donders' 
law is obeyed by the eye (Tweed et al., 1990; Tweed & 
Vilis, 1990; Straumann etal., 1991; Glenn & Vilis, 1992; 
Minken et al., 1993). For the random task, the thickness 
across all sampled times for the eye positions was 
approximately 0.74 deg. In addition, the surface thick- 
ness was equal when looking at any of the target 
positions. Of particular interest was the observation that 
variations at the center position were equal to those at 
eccentric target positions. Thus, the center position is not 
special; Donders' law holds no more accurately there 
than elsewhere. 
Task-related changes in thickness and shape 
The thickness of the surface varied with task. It was 
greatest for the random task, least for the horizontal task, 
and in between for the vertical task. The thickness of the 
surface in the radial task was comparable to that of the 
random task. Also the thickness of the surface in the 
"both CW and CCW" task was greater than that of the 
CW or CCW tasks alone. 
The shape of the fitted surface also varied with task. It 
was more twisted in the vertical task than in the 
horizontal task. Also it was shifted back in the CW task 
and forward in the CCW task. Thus, shape seems to 
depend on the direction of movement in a task. 
The observed changes in thickness may be related to 
the changes in shape. Tasks which involve a variety of 
movement directions (e.g., random, radial, and "both CW 
and CCW"), had the greatest thickness. These surfaces 
may be thicker because they were composites of surfaces 
with slightly different shapes. For example, the surface of 
the random task may be the composite of the less twisted 
surfaces produced in the horizontal tasks and the more 
twisted surfaces produced by the vertical tasks. Similarly, 
the surface of the "both CW and CCW" task may be the 
composite of a surface that was shifted backward (CW 
task) and forward (CCW task). 
Thickness as a function of time 
Several authors have reported that eye position leaves 
Listing's plane in the course of saccade and than 
gradually settles back into it producing so-called 
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"blips" (Schnabolk & Raphan, 1994; Tweed et al., 
1994; Straumann et at., 1995). The data here 
confirmed this behavior with a few modifications. 
Firstly, data showed that eye positions left a surface 
that was not perfectly fiat. Secondly, the amount of 
departure depended on how it was measured. If one 
measured the thickness during saccades with respect o 
the surface obtained before saccades started, an 
increase of 40% was observed. This increase in 
thickness is in part due to a dynamic change in shape 
[Fig. 4(B)]. If one compared the thickness during 
saccades with respect o the surface obtained at this 
same time, the increase in thickness was smaller 
(28%). Subsequently, there was a decline in the 
thickness and, thus, a return of the torsional eye 
position to the fitted surface. This may be because of a 
gradual shift back or small randomly occurring 
corrective saccades. 
An important question was why eye position left the 
surface during saccades. Schnabolk & Raphan (1994) 
proposed that this was because the saccade-generating 
mechanism was ignoring the rules of rotational kine- 
matics. If this were so then one would expect Donders' 
law to fail at eccentric positions but not at the center 
(primary position). Instead we found that eye positions at 
the center depend on the direction of the preceding 
saccade, and that the thickness of the surface at the center 
was not different from that at eccentric positions. In 
addition, in Schnabolk and Raphan's hypothesis one 
would expect he surface thickness during the radial task 
to be the least of all the tasks. Instead we found that its 
thickness was equal to that of the random task, and was 
thus amongst the largest. This suggests that the departure 
of eye position from the surface during saccades was due 
to some factor other than faulty knowledge of kinematics. 
One possibility is a failure to synchronously contract and 
relax the different eye muscles. If one muscle started 
contracting before others the axis of rotation would not be 
constant. In keeping with this idea, saccades in the 
horizontal and vertical directions are known to have a 
moving axis (Bains et al., 1992; Minken et al., 1993). 
Thus, these slight increases in thickness may be partly 
due to a slight variability in the paths taken to arrive at the 
next target position. While curvature in the torsional 
directions appears to be clearly less (Minken et at., 1993), 
a small increase in the thickness would not be 
unexpected. 
Why were there task-dependent changes in shape? 
This study has shown that for different gaze directions 
the three-dimensional positions of the eye and head were 
confined to differently shaped surfaces. The degree of 
twist for the different tasks was smallest for the 
horizontal task, most for the vertical task, and somewhere 
in between for the random task. What causes changes in 
twist? 
One possibility is that different rotations are used for 
tasks with different directions of movement. These 
different rotations end in different torsional positions. 
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FIGURE l 1. The Fick, Listing's, and Helmholtz gimbal systems all 
follow Donders' law. Each have particular xes (thicker axes) which 
produce an optimal, shortest path, gaze trajectory (thick arrows). Each 
produce a surface with a different twist (bottom line). The twists 
observed here in eye and head positions are indicated for; the 
Horizontal (H) and Vertical tasks (V). 
This suggestion isconsis~:ent with the observation that the 
horizontal task surface was less twisted than that of the 
vertical task's, both during and after saccades. Moreover, 
this difference was maintained for some 2 sec, until the 
start of the next saccade (the before surface). 
Why might the rotations change in different tasks? One 
possibility is that more optimal rotations are selected. 
Listing's law optimizes radial saccades to and from 
primary position by selecting the rotation that is the 
shortest path. The situation is different for saccades to 
and from eccentric positions. Here, by maintaining eye 
position close to Listing's plane, one optimizes the eye's 
distance from primary position but at the same time is 
forced to make a rotatior that is longer than the optimal. 
Perhaps in our tasks the rotations are made more 
optimal at the expense of final position. To make optimal 
vertical rotations indepe:ldent of eccentricity one could 
select a Fick gimbal syst,~m in which a horizontal axis is 
embedded in a vertical axis (common in TV camera 
mounts; Glenn & Vilis, 1992). The price paid for this 
choice is that: (i) eye po:;ition will not be constrained to 
Listing's plane but to a surface with a twist (as = -1)  and 
thus not end at the shortest distance from primary 
position; and (ii) both hoJizontal and radial rotations will 
not be optimized (Fig 11). To optimize horizontal 
saccades one can select a Helmholtz gimbal. This is like a 
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Fick gimbal turned on its side. In particular, the twist 
reverses in sign (as = +1). 
A comparison of the sign of the twist for both gimbal 
systems with that of the data indicated that a change in 
shape with change in direction was not due to making 
each rotation shorter and thus more optimal. If this had 
been the case, we would have expected the twist to 
decrease and possibly become negative for the vertical 
tasks (i.e., tend toward a5 =-1)  and increase for the 
horizontal tasks (i.e., tend toward a5 = +1). Instead the 
reverse change was observed (Fig. 11). Similarly, the 
change in the shift during CW and CCW tasks was the 
opposite of what one would expect if the rotations were 
being optimized. To optimize the rotations used to 
saccade around the sides of a square, one would switch 
between a Fick gimbal for the vertical and Helmholtz for 
the horizontal sides. This would result in an accumulation 
of torsion but in the opposite direction from that observed 
here (Glenn & Vilis, 1992). Thus, both changes in shape, 
the twist and the shift, suggest less optimal rotations if the 
distance traveled was the measure optimized. 
There are several alternative xplanations of shape. 
The first is that the change in shape is related to 
optimizing some measure, as yet unknown, other than the 
magnitude of the rotation. The second possibility is that 
movements in different directions involve different sets 
of muscles, each contributing to surfaces of different 
shape. Possibly related to this is the observation that the 
surface is thinnest for the horizontal task, thickest in the 
radial and random tasks, and in between for the vertical 
task. Horizontal saccades are produced predominantly b  
a single muscle pair, vertical by two muscle pairs, and 
radially by all three. As mentioned previously, asynchro- 
nous contraction of these muscle pairs may cause eye 
position to depart slightly from the surface and, if not 
corrected for, to remain so. This could in turn produce 
small, direction-dependent, changes in shape. 
The third possibility is that there is some mutually 
beneficial interaction between what the eye does and 
what the head does. The eye's surface was more twisted 
in the vertical task than in the horizontal. The head's 
surface was also more twisted but in the opposite 
direction. Similarly, the changes in the shift observed 
during the CW vs CCW tasks for the eye were opposite in 
sign to that of the head. 
In summary, we examined the eye's violations of two 
related laws: that of Listing's and Donders'. Listing's law 
states that the shape of the surface to which 3D eye 
positions are constrained is a plane. We found that 
instead this surface was slightly twisted and that the twist 
changes, depending on the dominant saccade direction of 
each task. 
Donders' law is violated if the position deviates from 
this surface. Thus, the law is violated when the surface 
appears thick. We observed that thickness of the surface 
during a task involving several directions was greater 
than that requiring one. 
The violations of Listing's and Donders' laws were 
perhaps related. The greater surface thickness during 
multidirectional tasks; random, radial, or "both CW and 
CCW", may have been because their surfaces were the 
combinations of several surfaces produced in the 
unidirectional tasks, each with slightly different shapes. 
It is interesting to compare the violations of Donders' 
law of the eye to that of the arm. The thickness of the 
eye's surface, as measured by the SD of the data about he 
surface, observed here was 0.74 deg (random task) while 
that of the arm was 5.2 deg when the elbow was 
permitted to flex (Soechting et al., 1995) and 2.5 deg 
when it remained straight (Hore et al., 1992). 
When center is near primary position, Listing's law of 
the eye optimizes both the final central position and the 
magnitude of the rotations to reach it. If the mechanics 
are such that elastic forces dominate, Listing's law will 
also minimize both the work required to rotate the eye 
away from center and to hold the eye in this eccentric 
position. However, the situation is different for rotations 
between eccentric positions. While the work required to 
maintain any eccentric position in the course of a saccade 
is optimized (because eye positions remain close to 
Listing's plane), the energy expenditure against viscous 
forces is not (because the rotation magnitude is not 
optimized). If in these eccentric positions, rotations were 
optimized at the expense of final position one would 
expect agreater variability in these eccentric positions, as 
in the case of the arm. Instead we found that the 
variability at eccentric positions is equal or less than that 
in the center. This suggests it is final position that matters, 
possibly because the eye muscles spend more time 
exerting tonic activity between saccades than in making 
saccades. 
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